We have reported previously that gp91 phox , expressed in CHO (Chinese hamster ovary) cells, functions as a voltage-dependent proton channel. However, others have reported that COS-7 cells expressing gp91 phox failed to exhibit outward proton currents, and concluded that gp91 phox does not function as a proton channel. To investigate this clear difference in findings, we have examined the expression and cellular localization of the fusion protein EGFP-C-91, in which gp91 phox is fused to the C-terminus of enhanced green fluorescent protein. EGFP-C-91 was observed in the plasma membrane and intracellular membranes of 30 % of the transfected COS-7 cells. In the remaining COS-7 cells, EGFP-C-91 was detected in the intracellular membranes only. In CHO cells EGFP-C-91 was present in both the plasma membrane and the intracellular membranes of all transfected cells. Under the whole-cell configuration, outward currents were recorded from COS-7 cells expressing gp91 phox . These increased in magnitude and lost their 'droop' over time as the pipette solution equilibrated with the cell cytoplasm (50 min). The threshold activation voltage for the currents was shifted by ∼ 60 mV for a 1 unit difference in bath pH. Zn 2+ inhibited the outward currents observed in COS-7 cells expressing gp91
INTRODUCTION
NADPH oxidase, an enzyme present in myeloid cells, generates superoxide (O 2 •− ) in an electrogenic manner [1] . The efflux of electrons from NADPH, through NADPH oxidase, to oxygen generates an electric current of 15-20 pF [2] , which results in a rapid depolarization of the membrane potential immediately following the activation of the enzyme [1, 3] . It has been proposed that the electrogenic activity of NADPH oxidase is required to drive K + ions across the phagosome membrane to generate a high intraphagosome potassium concentration. The hypertonic intraphagosome environment is suggested to be required for the release of the granule proteins cathepsin G and elastase, which participate in the killing of the engulfed bacterium [4] . The activity of this Ca 2+ -activated K + channel is reported to provide charge compensation for ∼ 5 % of the superoxide generated [4, 5] . An efflux of protons provides the major charge compensation for the movement of the electron through the NADPH oxidase [6] .
NADPH oxidase is a multi-protein enzyme complex. Mutations in any one of four subunits, i.e. gp91 phox (Nox2), p47 phox , p67 phox or p22 phox , results in the absence of a functional NADPH oxidase in myeloid cells, as observed in patients with CGD (chronic granulomatous disease) [7] . A role for a fifth subunit, p40 phox , has been proposed, although mutations in this protein have yet to be detected in a patient with CGD. Genes encoding proteins with sequence similarity to gp91 phox have been identified in the genomes of a wide range of organisms [8] . The products of these genes in the human genome have been termed Nox proteins (for NADPH oxidase; Nox1-Nox5). Gp91 phox , the originally identified protein of this family, has been renamed Nox2. In addition, genes encoding proteins with similarity in their domain structure to p47 phox and p67 phox , i.e. Nox organizer (NOXO1/p41) and Nox activator (NOXA1/p51) respectively, have been reported to be expressed in stomach, small intestine and uterus [9] [10] [11] .
We have previously reported the presence of proton currents in CHO (Chinese hamster ovary) cells transfected with and expressing Nox2/gp91 phox , but not in non-transfected CHO cells [12] [13] [14] . Mutation of histidine residues within the third transmembrane domain resulted in the loss of proton conduction through gp91 phox [15, 16] . Therefore we concluded that Nox2/ gp91 phox functions as a voltage-dependent proton channel. Expression of Nox2 [17] , Nox1S (a shortened transmembrane domain region of Nox1) [17, 18] or Nox5 [19] in HEK-293 cells have all been reported to be associated with the expression of proton currents.
An alternative hypothesis for the role of Nox2 in proton channels has been proposed by DeCoursey et al. [20] . They suggest that Nox2 is not itself the proton channel, but may function as a modulator of an as yet unidentified protein, which is the proton channel [20, 21] . They reported a failure to detect proton currents in COS-7 cells transfected with Nox2 [21] , and therefore suggested that the voltage-dependent currents reported following expression of Nox2 in either CHO or HEK cells [13, 14, 17, 18] resulted from enhancement of the activity of an existing proton channel by the overexpression of Nox2/gp91 phox [20, 21] . They therefore concluded that Nox2/gp91 phox itself is not a proton channel [21] .
Nox2 is a protein consisting of 570 amino acids, and contains at least three Asn residues that are utilized for N-linked glycosylation [22] . The expression of Nox2 in COS-7 cells reported previously [23] resulted in a protein product that appeared to lack extensive glycosylation, as it was detected as a discreet band at 55 kDa on a Western blot, rather than the broad smear (average molecular mass ∼ 91 kDa) that is observed in blots of myeloid cells. The absence of glycosylation may prevent the expressed protein leaving the endoplasmic reticulum, hence altering its cellular localization. A failure of the expressed protein to localize to the plasma membrane may account for the reported absence of proton currents in COS-7 cells expressing Nox2 [21] .
The recording of outward currents in CHO-91 cells (cells expressing Nox2/gp91 phox ) was reported previously not to be observed immediately upon establishment of the whole-cell configuration, but only after allowing time for perfusion of the cell with the pipette solution [12] . The rate of perfusion is inversely related to the size of the cell. As COS-7 cells have a larger diameter than either CHO or myeloid cells, then insufficient perfusion of the cell cytosol by the pipette solution, and hence buffering of pH i (internal pH), might also have accounted for the absence of proton currents in COS-7 cells expressing Nox2 [21] .
To determine whether Nox2/gp91 phox functions as a proton channel when expressed in COS-7 cells, we have determined the cellular localization of Nox2, introduced into COS-7 cells through the expression of EGFP (enhanced green fluorescent protein)-tagged Nox2, in both COS-7 and CHO cells. We report here that, unlike in CHO cells (in which it showed a predominantly plasma membrane localization), EGFP-tagged Nox2/gp91 phox expressed in COS-7 cells was present either in both the exterior and internal membranes (in some cells) or exclusively in the internal membranes (in other cells). We recorded outward currents in some of the COS-7 cells expressing Nox2, and found that the threshold of activation and the reversal potential of the tail currents were dependent upon the pH gradient, and therefore must be carried by protons. We thus conclude that the expression of Nox2 in cell lines, including COS-7 cells, is associated with the presence of outward proton currents.
MATERIALS AND METHODS

Maintenance of COS-7 cells
COS-7 cells were maintained in DMEM (Dulbecco's modified Eagle's medium; Sigma) supplemented with 10 % (v/v) fetal calf serum, 50 units · ml −1 penicillin and 50 µg · ml −1 streptomycin. The cells were split (one flask into four flasks) and harvested every 3-4 days, as described previously for CHO cells [13] . CHO cells were maintained in F-12/Ham's nutrient medium containing 10 % (v/v) fetal calf serum, 50 units · ml −1 penicillin and 50 µg · ml −1 streptomycin, as described previously [13] .
Construction of the COS-7 EGFP-C-91 cell line
The pEGFP-C1 vector (Clontech) encodes a red-shifted variant of GFP. The full-length cDNA for human gp91 phox (Nox2) was inserted into the pEGFP-C1 vector as a HindIII/BamHI fragment, placing gp91
phox after the C-terminus of EGFP. The COS-7 cells were harvested and resuspended in 0.6 ml of serum-free DMEM. They were transformed with 10 µg of pEGFP-C1-gp91 phox DNA by electroporation (220 V, 960 µF) in a Bio-Rad Gene Pulser. The cells were diluted with 6 ml of DMEM/10 % (v/v) fetal calf serum and plated out into six-well plates.
The CMV (cytomegalovirus) promoter, in the pEGFP-C1 vector, drives the constitutive expression of the EGFP fusion protein. The expression of the EGFP-C-91 fusion protein (in which gp91 phox is fused to the C-terminus of EGFP) was examined from 24 h to 72 h after transformation, in non-fixed, non-permeabilized living cells, using an Inverted Leica TCS-NT confocal laser scanning microscope equipped with krypton/argon laser, with excitation lines at 488, 568 and 647 nm.
Construction of the COS-7/pMEP4-gp91 phox cell line
Full-length gp91 phox had previously been inserted behind the metallothionein-inducible promoter of the plasmid pMEP4 to generate pMEP4-91 [13] . COS-7 cells (10 7 ) were resuspended in 0.8 ml of serum-free DMEM with 10 µg of pMEP4-91 DNA contained in a 0.4 cm Gene Pulser cuvette. The cells were transformed by electroporation (230 V, 960 µF) and allowed to stand at room temperature for 20 min before being diluted with 20 ml of DMEM/10 % (v/v) fetal calf serum and placed in a T75 tissue culture flask. The non-adherent/dead cells were removed after 24 h and the tissue culture medium replaced. Hygromycin B (150 µg · ml −1 ) was added 48 h after electroporation to select for transformants. The cells were split three times in the presence of 150 µg · ml −1 hygromycin B prior to their initial use.
Whole-cell recordings
Non-transformed and transformed COS-7 cells were grown in 2.5 cm-diameter Corning Petri dishes in DMEM supplemented with 10 % (v/v) fetal calf serum, 50 units · ml −1 penicillin and 50 µg · ml −1 streptomycin. The whole-cell currents were recorded 24-48 h after seeding the Petri dish with the cells. In cells transfected with pMEP4-91, the expression of gp91 phox was induced by a 16 h (overnight) incubation in the presence of 10 µM Cd 2+ . Control, non-transfected cells were treated similarly. Cells not incubated in the presence of Cd 2+ (both transfected and non-transfected) were also examined. Whole-cell recording was performed as described previously for CHO and CHO-91 cells [12] , with a pipette pH of 6.5 and a bath solution pH of 8.0, 7.4 or 7.0. The pipette solution contained 119 mM tetramethylammonium hydroxide, 3.7 mM EGTA, 0.74 mM CaCl 2 and 120 mM Mes buffer, pH 6.5. The bath solutions contained 110 mM tetramethylammonium methane sulphonate, 2 mM Ca(OH) 2 , 2 mM Mg(OH) 2 , 5 mM glucose and 100 mM buffer (Epps for pH 8.0 and 7.4, and Hepes for pH 7.0). The bath temperature was maintained at 22
• C throughout the recordings using a PETC80-15npi temperature regulator. Perfusion of the pipette solutions into the cell was followed optically, by the inclusion of Trypan Blue (0.2 %, w/v) in the pipette solution. No recordings were made from cells that failed to fill with the blue dye.
Excised-patch recording
CHO cells expressing EGFP-C-91 were utilized in preference to COS-7 cells, as CHO cells express EGFP-C-91 at their external cell membrane, compared with the few COS-7 cells within the population that do so. The cells were allowed to attach and grow for 24-48 h prior to use. The pipette [pH o (external pH) 8 .0] and bath (pH i 7.0) solutions contained 100 mM Epps (in the pipette) or Hepes (bath solution), 80 mM tetramethylammonium methane sulphonate, 1 mM EGTA and 2 mM MgCl 2 . Following obtainment of a G seal, the patch was excised by rapid upward deflection of the pipette holder, and currents were recorded immediately in the patches where a stable seal was maintained. The bath temperature was kept at 22 
Figure 1 Localization of EGFP-C-91 in COS-7 and CHO cells
The expression and cellular localization of the EGFP-C-91 fusion protein in COS-7 (a, c, e, g, i) and CHO (k) cells was monitored using a Lecia inverted confocal laser scanning microscope. The images were collected either 24 h (a, c, e, g, k) or 72 h (i) after transformation. Panels (b), (d), (f), (h), (j) and (l) are the corresponding transmitted light images for panels (a), (c), (e), (g), (i) and (k) respectively, and include scale bars that are applicable to both the fluorescence and light images.
RESULTS
We have reported previously the presence of voltage-dependent outward proton currents in CHO cells associated with the expression of human gp91 phox [12] , and therefore concluded that gp91 phox , the product of the X-linked CGD gene, functions as a voltage-dependent proton channel. COS phox cells are a cell line generated through the transfection of COS-7 cells with four of the subunits of the NADPH oxidase, i.e. gp91 phox , p67 phox , p47 phox and p22 phox [24] . In contrast with our hypothesis, Morgan et al. [21] failed to record outward proton currents from COS phox cells. To investigate the reported difference in results between gp91 phox expressed in different cell types (CHO and COS-7), we have generated COS-7 cells that express gp91 phox and have utilized these cells to determine the cellular localization of the protein and to record voltage-dependent whole-cell currents.
Expression and cellular localization of human gp91 phox in COS-7 cells
In the previous study reporting expression of gp91 phox in COS-7 cells, the protein appeared to lack extensive N-linked glycosylation [23] . The absence of appropriate glycosylation may prevent the expressed protein leaving the endoplasmic reticulum and/or alter its cellular localization. A failure of gp91 phox to localize to the plasma membrane could account for the absence of proton currents in COS-7 phox cells. To determine the cellular localization of expressed gp91 phox , we transformed COS-7 and CHO cells with EGFP-C-91 and determined the localization of the fluorescent fusion protein using confocal microscopy. At 24 h following transformation, EGFP-C-91 was observed to be located in both intracellular membranes and the plasma membrane of the cells (Figures 1a, 1c and 1e ). Of the transformed COS-7 cells expressing EGFP-C-91, the protein could be visualized in both the plasma membrane and intracellular membranes in only 30 % of them. In the remaining 70 %, the protein was located in intracellular membranes only (Figure 1g ), being absent from the plasma membrane. At 72 h post-transformation, EGFP-C-91 was still only observed within the intracellular membranes (Figure 1i ) in the majority of COS-7 cells, suggesting that the failure to observe the protein in the plasma membrane at 24 h was not due to insufficient time being allowed for the synthesis, processing and trafficking of the protein through the cell to the plasma membrane. Cells transformed with the pEGFP-C1 vector alone showed EGFP fluorescence throughout the cytoplasm (results not shown). Therefore insertion of EGFP-C-91 into the membrane is driven by membrane insertion signals within the gp91 phox protein sequence. In contrast with COS-7 cells, transformation of CHO cells with pEGFP-C-91 resulted in the expressed protein being detected in both the plasma membrane and intracellular membranes in 100 % of the cells. The expressed protein was located predominantly in the plasma membrane of the cell (Figure 1k ) at 24-72 h post-transformation. The apparent difference in the localization of EGFP-C-91 between CHO and COS-7 cells suggests that retention of EGFP-C-91 in the intracellular membranes in COS-7 cells is not due to misdirection of the protein within the cell resulting from the attachment of EGFP to gp91
phox , but rather is specific to this cell type. EGFP-C-91 also shows a predominant localization to the external membrane in HeLa cells (results not shown), further supporting the observation that the localization of gp91 phox in COS-7 cells is a cell-line-specific feature. COS-7 cells transfected with p22 phox , the second transmembrane component of NADPH oxidase, showed cellular localization of the expressed protein (results not shown) that was comparable with that reported for gp91 phox ( Figure 1 ). In additiion, p22 phox did not enhance the exterior expression of gp91 phox , in agreement with the results of others [23] .
The localization of gp91 phox in COS-7 cells was shown previously to have an annular pattern, with no apparent intracellular protein [23] . However, the expression of gp91 phox was determined by Yu et al. [23] in non-permeabilized cells, using the monoclonal antibody 7D5, which recognizes an external epitope [25] . The lack of access of the antibody to intracellular antigens would result in any gp91 phox located in intracellular membranes going undetected. Similarly, the antibody would not bind to COS-7 cells not expressing gp91 phox on the exterior of the cell. Morgan et al. [21] used Fscan analysis and the monoclonal antibody 7D5 to detect gp91 phox expression in COS-7 cells. They reported that 93 % of the COS-7 cells expressed gp91 phox . We also observed that a high percentage of COS-7 cells expressed gp91 phox , even with transient transfection. However, we have used confocal microscopy to establish the cellular localization of the expressed protein. Therefore we can conclude that gp91 phox can be expressed in COS-7 cells; however, in only a fraction of the cells (∼ 30 %) is a proportion of the expressed protein located in the plasma membrane. To record a current under the whole-cell configuration, the ion channel protein should be located in the plasma membrane. Therefore, if gp91 phox is the proton channel, it would be predicted that in only ∼ 30 % of the COS-7 cells that express the protein would an outward current be recorded.
Whole-cell currents in COS-7 cells
The consequence of a low cytoplasmic concentration of protons and the high buffering power of the cell cytosol is that, unlike other ion currents, sustained proton currents are not recorded in a cell immediately following the establishment of the whole-cell configuration; rather, they occur after perfusion of the pH buffer from the pipette into the cell to regulate/clamp pH i and to act as a source of protons. Even in the presence of a high concentration of buffer (120 mM) in the pipette solution, the pH i of the cell does not necessarily fall to the pH of the pipette solution. We have shown previously that after complete perfusion of CHO cells with pipette solution containing 120 mM Mes at pH 6.5, or even pH 5.5, the pH i of the CHO cell was 6.8 after 30-40 min [12] .
The perfusion of fluorescent dyes from a pipette into a CHO cell has been reported to occur over 10-15 min following establishment of the whole-cell configuration [12] . The recording of an outward current from CHO-91 cells has been reported previously to reach a maximum 10-25 min after establishment of the wholecell conformation. As COS-7 cells are larger (diam. 25-70 µm) than CHO cells (diam. 20-25 µm) (Figure 1) , it would therefore be predicted that perfusion of the cell cytosol would require a longer time for COS-7 than for CHO cells [12] . It is therefore possible that Morgan et al. [21] failed to observe outward proton currents as a result of there being insufficient time for perfusion and regulation of the pH i arising from the large cellular volume of COS-7 cells compared with CHO and myeloid (diam. ∼ 10 µm) cells in particular [26] .
To determine whether the expression of gp91 phox in COS-7 cells is associated with the presence of proton currents, we recorded whole-cell currents elicited by depolarizing voltage pulses to + 20 mV and + 60 mV over time following establishment of the whole-cell configuration. Recordings were made infrequently to avoid draining the pH buffering of the cell. Outward currents were observed from 15 min after obtaining the whole-cell configuration in COS-7 cells expressing gp91 phox in a bath solution of pH 8.0 (Figures 2A and 2C) . The current recorded at 15 min was not sustained, and 'drooped' during both depolarizing voltage pulses. The droop suggests that there was an insufficient concentration of protons to sustain the current, and thus a failure, at this time point, of the pipette solution pH buffer to fully clamp the cytosolic pH i of the cell. The droop in the current was less pronounced at later time points (30-50 min). In addition, the size of the current recorded at both + 20 mV and + 60 mV increased with time (Figures 2A  and 2C ).
To demonstrate that the observed time course for development of the currents paralleled that for equilibration of the pipette solution with the cell cytoplasm, the progression of Trypan Blue into the cell was monitored along with the development of the currents ( Figure 2E ). For the cell shown, complete equilibration with the cytoplasm took over 50 min ( Figure 2E ). The development of the current occurred with the same time course as that required for filling of the cell with the pipette solution ( Figure 2E ). Therefore outward currents developed with time as the pipette solution pH buffer perfused the cell, as would be predicted for proton currents. The larger the cell, the longer the time required to achieve full equilibration. Small outward currents were recorded from non-transfected COS-7 cells in response to the same depolarizing voltage pulses and over the same time course (Figures 2B and 2D) . Figure 3 shows the outward currents elicited by a series of depolarizing voltage pulses from a holding potential of − 60 mV to − 40 mV through to + 100 mV, in 20 mV steps ( Figure 3A) for both a non-transformed COS-7 cell ( Figure 3B ) and a COS-7 cell expressing Nox2 (Figures 3C and 3D ). These currents were recorded after allowing adequate time for perfusion of the pipette solution. In keeping with that reported previously for CHO-91 cells at pH o 8.0, outward currents were first observed at depolarizing voltage pulses to − 20 mV ( Figure 3C ). Retaining the same pipette solution but placing the cells in a bath solution at pH o 7.0 decreased the transmembrane pH gradient by 1 pH unit. Under these conditions, currents were not observed until depolarization to + 40 mV and greater ( Figure 3D ). At + 80 mV the amplitude of the current elicited by the depolarizing pulse was ∼ 0.02 nA for non-transformed COS-7 cells, 2 nA for COS-7 cells expressing Nox2 in a bath solution at pH 8.0, and 0.2 nA when the bath solution pH was 7.0. Of all the COS-7 cells expressing gp91 phox for which whole-cell configuration and dialysis of the cytosol with pipette solution were obtained, 37.5 % exhibited outward currents. If we include in the total those COS-7 cells in which complete filling with Trypan Blue was not obtained, then outward currents (as shown in Figure 3 ) were recorded in only 21 % of cells.
The threshold voltage for proton current activation has been reported previously to be dependent upon the pH gradient established across the plasma membrane. The larger the pH gradient, the lower the threshold voltage necessary for activation of the current and/or establishment of the proton motive force that is necessary for the efflux of protons currents [12, 27] . The shift in the threshold voltage of 60 mV per pH unit reported here (Figure 3) is slightly larger than that of ∼ 40 mV/pH unit reported by Cherny et al. [27] . This shift in activation voltage in response to a decrease in the transmembrane concentration gradient for protons strongly suggests that protons are the charge carrier of the outward currents. The inhibition of proton currents by Zn 2+ or Cd 2+ has been reported previously [12] . The observation that the amplitude of the outward current elicited from COS-7 cells expressing gp91 phox was markedly decreased by the presence of 200 µM Zn 2+ ( Figure 3F ) provides further evidence that the charge-carrying species for these currents is the proton. EGFP-C-91 expressed in COS-7 and CHO cells may not retain the three-dimensional folding and hence function(s) described previously for non-tagged gp91 phox . The incorrect folding of a protein could result in its mis-targeting within the cell. To determine whether EGFP-C-91 retained the proton channel function described for gp91 phox , we recorded outward currents elicited from cells expressing the EGFP-tagged protein. In a bath solution at pH 8.0, outward currents were elicited by the depolarizing voltage step protocol ( Figure 3E ) from COS-7 cells expressing EGFP-C-91 ( Figure 3F ). Therefore addition of the tag did not alter the ability of gp91 phox to function as a proton conduction pathway, suggesting that incorrect folding of the protein had not arisen following the addition of the GFP tag.
The average whole-cell capacitance was 35.96 pF for COS-7 cells expressing Nox2, and 39 pF for non-transformed cells. This is higher than that for CHO cells (24-28 pF) or PLB-985 cells (8-14 pF), a myeloid cell line. Outward currents are observed at ∼ 5 min from PLB-985 cells [26] . The time lag before outward proton currents were first observed in COS-7 cells expressing gp91 phox was longer than that reported previously for either CHO-91 or PLB-985 cells [12, 26] , as would be predicted for the perfusion of a large cell (Figure 1 ).
pH-dependence of the reversal potential of tail currents
The bath and pipette solutions were designed to minimize the contribution of ions other than protons to the outward current. With a bath solution of pH o 8.0 and a pH i of 6.8, the tail currents would be predicted to reverse at − 70 mV (1.2 × 58 mV) if the charge carriers are protons, and to show a 58 mV positive shift per pH unit decrease in the membrane pH gradient. In COS-7 cells, as in CHO cells [12] , outward currents were activated at potentials more positive than − 40 mV ( Figure 3C) ; therefore, after the end of the activating depolarizing pulse, the direction of the tail currents could only be determined at voltage steps − 40 mV ( Figure 4A ). Figure 4(B) shows the tail currents observed following a depolarizing voltage pulse to + 20 mV to activate the outward current. For COS-7 cells expressing Nox2/gp91 phox at pH o 8.0, the reversal potential of the tail currents was − 68 mV ( Figure 4D ). This is slightly more positive than the value of − 70 mV predicted from the Nernst potential for protons. Under similar conditions, the reversal potential of the tail currents in CHO-91 cells has been reported to be − 55 + − 6 mV [12] . In a bath solution at pH o 7.0, the currents activated, and therefore the tail currents, were much smaller than those recorded at pH o 8.0 (Figure 4B) . In a bath solution at pH 7.0 the tail current reversal potential shifted in a positive direction to − 8 mV ( Figure 4D ), a change of 56 mV per pH unit. In addition, at pH o 7.4 ( Figure 4C ), the tail reversal potential was − 40 mV ( Figure 4D ), comparable with that reported previously for CHO-91 cells [12] . We have previously reported a shift of 56 mV per pH unit in the tail current reversal potential for CHO-91 cells [12] . The reversal potentials of the tail currents and the current-voltage profile for the outward currents, and the observed shift in the threshold voltage for activation per pH unit change, for COS-7 cells expressing Nox2/ gp91 phox are comparable with the characteristics of proton currents described previously in CHO-91 cells [12] . Therefore the outward currents recorded in a subpopulation of COS-7 cells expressing gp91 phox were proton currents. We thus conclude that COS-7 cells expressing gp91 phox exhibit time-and voltage-dependent outward proton currents, as reported previously for CHO cells expressing gp91 phox . CHO cells expressing EGFP-C-91 exhibited outward currents ( Figure 3F ) similar to those described with the non-tagged protein.
We also determined the tail reversal potentials for CHO cells expressing EGFP-tagged gp91 phox in bath solutions at pH 8.0 and pH 7.4 (open symbols in Figure 4D ). The reversal potential at pH o 8.0 of − 64 mV for the EGFP-tagged protein is comparable with that obtained with the non-tagged protein expressed in COS-7 and CHO cells ( Figures 4A and 4D) , while a reversal potential of − 44 mV at pH o 7.4 is more negative than that reported for the non-tagged protein. Therefore a 20 mV shift in the reversal potential of the tail currents for a 0.5 pH unit shift is smaller than the 28 mV shift observed for gp91 phox in COS-7 cells.
Inside-out patches
Excision of a patch of membrane from a cell results in the exposure of the inside, cytosolic face of the plasma membrane to the pH buffer of the bath solution. Currents should therefore be recordable immediately following excision, without the time lag required for a pipette solution to equilibrate with the cell cytoplasm. Insideout patches were excised from CHO cells expressing EGFP-C-91 ( Figure 5 ), CHO-91 cells (results not shown) and COS-7 cells expressing gp91 phox (results not shown). Outward currents (Figure 5B) were elicited in excised patches by a stepped voltage protocol ( Figure 5A ). With a 1 pH unit difference across the membrane (pipette pH 8.0), outward currents were recorded at 0 mV and higher depolarizing voltage pulses, and in a few patches at − 20 mV. These currents were recorded immediately following excision. The reversal potential of a set of tail currents was − 54 mV ( Figures 5C and 5D ), which is comparable with the value of − 58 mV predicted for a 1 pH unit difference. The tail current reversal potential for proton currents in excised patches from rat alveolar epithelial cells was reported to be − 34 mV for 1 pH unit difference and − 87 mV for a 2 pH unit difference [28] , both of which are more positive than the predicted values of − 58 and − 116 mV respectively. Considering all patches in which the seal was stable and maintained, currents were recorded in 14 % of the patches excised. Byerly and Suen [29] have reported previously that proton currents were detected in five out of 38 (13 %) inside-out patches from neurons of the snail Lymnaea stagnalis, whereas 85 % of the patches demonstrated K + currents. Their suggested non-uniform distribution of proton currents in the membrane is in keeping with our observed low percentage of patches demonstrating currents.
DISCUSSION
We have generated COS-7 cell lines that express gp91 phox . Using GFP-tagged gp91 phox (EGFP-C-91), we demonstrate that a minority of the COS-7 cells (∼ 30 %) expressed the protein at the plasma membrane. In the remaining cells the expressed protein was present in intracellular membranes only, and not at the exterior of the cell. Time-and voltage-dependent proton currents were observed in 37.5 % of COS-7 cells expressing gp91 phox . These currents were absent or small in non-transformed COS-7 cells. The reversal potential of the tail currents at pH o 8.0 was − 64 mV for COS-7 cells expressing gp91 phox , which showed a 56 mV shift for a 1 pH unit fall in bath solution pH. These are compared with the values reported previously for CHO-91 cells [12] .
Our detection of outward currents from COS-7 cells expressing gp91 phox is in contrast with the absence of such currents reported by Morgan et al. [21] . We suggest that the failure of these authors to observe proton currents in COS-7 phox cells may be explained by our observation that in only a minority of the cells is the protein in the plasma membrane, and therefore capable of exhibiting a proton channel. In Morgan et al. [21] , the authors reported currents recorded over only 24 min after establishment of the whole-cell configuration. In addition, a failure to observe voltage-dependent outward currents may arise from there being insufficient time for perfusion of the pipette solution, and therefore failure to control pH i of the cells. For a number of cells we observed large inward current at early time points, which then disappeared with time, in agreement with Morgan et al. [21] , although we did not determine the charge-carrying species. COS-7 cells are larger than both CHO ( Figure 1 ) and myeloid cells. We suggest that the large cellular volume of COS-7 cells makes them an unsuitable cell line for the recording of proton currents.
Control of pH i in mollusc neurons has been reported previously to require a pipette with diameter of at least one-third of the cell diameter, even with pH buffer concentrations of 120 mM [30] . The tip diameter of the pipette used in our studies [12] and those of others was 1-2 µm, while cell diameters are ∼ 10 µm for myeloid cells, 20-25 µm for CHO cells and 30-50 µm for COS-7 cells. Therefore optimal conditions for rapid perfusion and control of pH i are not achieved.
For the inside-out patches that exhibited proton currents, the currents were recorded immediately after excision of the patch from the gp91 phox -expressing cell, and not after a lag. The absence of a time delay demonstrates that exposure of at least the cytosolic face of the membrane to a strongly buffered pH solution is required to measure proton currents. This is in agreement with our observation that proton currents under the whole-cell configuration can be recorded only following filling of the cell with the pipette solution. As we have demonstrated, filling is time dependent, i.e. the bigger the cell the longer required.
Proton currents have been reported previously to be absent from non-transformed COS-7 cells [21] . However, we observed small outward currents at 30-50 min (Figure 1b) , which require further investigation to determine the ion(s) involved. In recent years the expression of mRNAs for members of the Nox family has been reported for a wide range of cells and species [8, 31] . The COS-7 cell line was derived from African Green Monkey kidney cells. The expression of Nox4 in kidney cells, including HEK-293 cells, has been described previously [31] [32] [33] . Therefore absence of the expression of the monkey equivalent of Nox protein should be determined to establish if COS-7 cells do lack proton channels.
The detection of outward currents in COS-7 cells transformed with gp91
phox has been reported previously [17] . However, questions as to the identity of the charge carrier of the currents has been raised, based on the direction of the tail currents. The length of time that the cell had been in the whole-cell conformation prior to recording of the currents was not reported [17] . In light of the data presented here, the identity of the charge carrier of these currents cannot be established, as the properties, and hence the reversal potential, of the tail currents is determined by the pH i of the cell. The efficiency and extent of dialysis of the cell, and therefore the pH i at the time of recording of the currents, was not reported [17] .
It has been suggested that gp91 phox is not itself the proton channel, but is a modulator of a pre-existing proton channel [20] , i.e. the proton channel is another, as yet unidentified, protein that is constitutively expressed in the cells. This hypothesis appeared to be supported by the failure of these authors to record proton currents in COS-7 cells expressing gp91 phox . However, our recording of outward currents in COS-7 cells transformed with gp91 phox is compatible with our proposed role for gp91 phox as a proton channel. The observation that only 30 % of our COS-7 cells expressed the protein at the plasma membrane, and the time course of the detection of the currents, provide explanation(s) for the reported failure of Morgan et al. [21] to observe currents. The possibility that gp91 phox acts as modulator subunit for an unidentified proton channel is of course not excluded by the recording of current in COS-7 cells expressing gp91
phox . In conclusion, we report the recording of outward proton currents from COS-7 cells expressing gp91 phox that are absent from non-transformed COS-7 cells. The currents were not apparent immediately after establishment of the whole-cell configuration, but developed over time. The re-examination of the cellular localization of Nox2 expressed in COS-7 cells and the detection of outward voltage-dependent proton currents provides support for, rather than conflicting with, our previously suggested role for gp91 phox as a voltage-dependent proton channel.
